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Abstract
A test platform was developed to measure and compare the energy efficiency of an AC
induction motor under steady-state and cyclical loading conditions while operating in
both a constant speed mode and while performing speed to speed transitions. The details
of the construction are provided. The motor under test is fully characterized and modeled
in order to establish theoretical bounds for maximum efficiency operation. In addition,
several custom motor controllers were created and the specifics of their implementation
are given. Results from tests on both commercial and custom controllers show the test
platform to be a valuable tool for characterizing the energy efficiency of the AC induction
motor while subjected to various loading conditions under the control of the different
motor controllers.
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7Overview
The aim of this document is to provide a detailed description of the design and im-
plementation of a custom testing platform for evaluating the performance and energy
efficiency of electric motors under various loading conditions.
The testing platform is currently configured to measure the energy efficiency of an AC
induction motor operating in steady-state or while making a speed to speed transition
under both constant and cyclically varying loads. A second aim is to collect motor effi-
ciency data while the motor is under the control of both custom control algorithms and
commercial off-the-shelf (COTS) controllers for comparison.
This thesis discusses design considerations and the practical details of their implementa-
tion that allowed this specific configuration to be realized. However, the testing platform
can be readily configured to measure the performance of a wide variety of electric mo-
tors operating under a range of loading conditions while being controlled using various
techniques.
The rest of the thesis is structured as follows: first, a brief background of AC induction
motors and their applications will be provided. This will be followed by a statement
of the rationale for the present work. A review of several popular control techniques
will then be described, along with an explanation of certain strategies for efficient motor
operation. There will then be a detailed description of the hardware and software com-
ponents of the motor testing platform including how they combine to accomplish the
task of measuring electric motor energy efficiency. The explanation will be broken into
pieces describing separate functional components in order to give a more unified view of
each part of the setup.
1 INTRODUCTION
After describing the testing platform, an explanation of the control schemes implemented
for testing will be given along with general motor controller design considerations. This
will be followed by a description of two circuit models of the induction motor used for
simulation, and of the parameter identification tests performed on two different induction
motors ( HP and 5 HP) in order to retrieve the motor parameters needed for both
simulations and certain control schemes. The testing protocol will then be described by
walking through the creation of one experiment in detail. Simulations and actual testing
results that demonstrate how the setup may be used will then be provided. Finally, I
will discuss plans for future work with this test platform.
1 Introduction
1.1 The AC Induction Motor
The AC induction motor is the most commonly used motor in industrial motion con-
trol systems and mains-powered home appliances. It is estimated that between 60 to
75 percent of global industrial electrical consumption is used to drive electric motors,
and over 70 percent of these motors are of the AC induction type.1, 2 The induction
motor alone is responsible for over 20 percent of the electrical energy use in the United
States.1 Their simple principle of operation and low cost, combined with a durable design
and low maintenance (due to the lack of mechanical commutation) have resulted in its
adoption for a wide variety of applications making it the 'workhorse' of modern industry.
The induction motor's basic principle of operation can be described by explaining the
electromagnetic interaction between the two fundamental physical components of the
induction motor, the stator and rotor, through an air gap. A typical induction motor
is diagrammed in Figure 1. The fixed outer portion of the induction motor, called the
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stator, is composed of thin silicon steel laminations with hollow slots into which coils
of insulated wire are inserted. These windings in the stator are connected directly to a
power source and they are physically arranged in a manner such that when alternating
currents are supplied to the windings, a rotating magnetic field is created. This rotating
magnetic field in the stator induces currents and thus a magnetic field in the rotor, which
is made up of thin steel laminations with evenly spaced conductors running along its
length and shorted together at each end. The rotating flux in the stator sweeps along
the surface of the rotor, and the induced electromagnet in the rotor creates torque and
causes the rotor to spin. Because the excitation of the stator induces the currents in the
rotor, the induction motor is often referred to and modeled as a rotating transformer,
with the stator being the primary and the rotor being the secondary.
Phase 1 Phase 2 Phase3
Stator 1
0.5
0I W 7 360'
-0.5
-1.0
Rotor 120- 120
Figure 1: Illustration of an AC induction Figure 2: Sinusoidal three phase AC
motor. waveforms.
Three-phase induction motors are encountered frequently in industry due to their high
starting torque, power capabilities, and medium to high efficiency when compared with
single-phase induction motors.3 The balanced three-phase voltage waveforms, diagrammed
in Figure 2, can be delivered to the stator coils through the mains. The 1200 offsets be-
tween the waveforms allow the motor to self start with no added mechanism such as a
starting capacitor or centrifugal switch. However, because induction motor speed is pro-
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portional to the frequency of the alternating currents supplied to it, an induction motor
will only run in a narrow range of speeds when plugged into a wall receptacle. This
speed will vary based on how far the rotor speed is lagging behind the synchronously
rotating field. This speed difference is referred to as the slip, and it is dependent on the
load torque.
Recently, the advent of inexpensive, DSP-controlled power electronic systems and the
corresponding attention given to developing effective control algorithms to precisely con-
trol motor speed and torque has allowed for the AC induction motor to become the motor
of choice for many variable speed applications. The steady state and dynamic character-
istics of these nonlinear motor systems have been improved by using these once hard-to-
obtain tools and techniques. 3 The use of high power inverters incorporating IGBTs now
allow for essentially any type of voltage or current waveform to be applied to the stator
windings. Control schemes such as field-oriented control have enabled the control of an
induction motor to simulate an externally-excited field DC motor model. These electron-
ics and control methods can significantly reduce the motor's average power consumption.
A given control scheme ultimately ends up providing a pulse-width modulated control
signal to switch the complementary IGBTs in each of the three legs of a three-phase
power inverter. These IGBT switching patterns create AC currents, drawn from a DC
bus, in the stator of the induction machine in order to achieve a specified torque and/or
speed under various loading conditions. The task has now become to identify which
control schemes can accomplish this task most efficiently while the motor is operating
under various loading conditions.
10
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1.2 Problem Statement
Because the operation of electric motors is responsible for such a large percentage of the
world's energy use, even a small improvement in the efficiency of electric motor opera-
tion can significantly reduce energy consumption. Induction machine applications now
include conveyors, cranes, elevators, mills, centrifugal pumps and fans, compressors and
electric vehicles to name a few. The objective is to isolate and identify which control
algorithms will operate a selected electric motor at the highest efficiency under certain
loads. It is therefore necessary to construct a reliable, modular testing platform to accu-
rately measure the input and output power of electric motors in order to evaluate their
energy efficiency under various loading conditions while being controlled by different
methods. This will facilitate the determination of how the most energy can be saved
while accomplishing the same average output power profile.
Desirable characteristics for such a motor testing platform include: (1) a high level of
modularity, (2) standardization of the power electronics and other necessary hardware/-
software, (3) low cost, (4) a centralized software development environment that allows
for rapid prototyping of control algorithms and simulated load profiles, (5) accurate dy-
namic load generation, and (6) high speed data acquisition. These system attributes
will allow many controllers to be designed and programmed quickly in order to obtain
an accurate measure of motor energy efficiency under their control in a short amount
of time. In addition, a system with these features should serve to remove any external
variables that could influence the efficiency of the motor operation other than the action
of the control algorithm.
Ultimately the testing platform should function as a convenient and accurate tool for
rapidly identifying which control algorithms perform best on which electric motor and
under which loading conditions in order to guide the decision making process when
11
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selecting a controller for a particular application.
2 Variable Speed Control Techniques
Variable speed control of an AC induction motor is a simple concept: in order to change
motor speed, the frequency, amplitude, and even phasing of the exciting voltage wave-
forms can be varied. The supply frequency controls the speed of the rotating field in the
machine, and varying the amplitude of the supply can result in different amounts of slip
which dictates rotor speed.
2.1 Constant V/f Control
The majority of induction motors are designed for a fixed operating voltage and fre-
quency. To change the speed of the motor, the supply frequency of the input voltage
waveforms is changed. This effectively moves the motor's torque profile left or right,
depending on the direction of the speed change. When the supply frequency is reduced
to less than rated speed and rated voltage is maintained, the impedance of the electrical
circuit is reduced, which increases the amount of flux in the machine and the amount of
current drawn by the motor. This can lead to early saturation of the magnetic field in
the machine and inefficient operation.
To keep the magnetic flux within a desired range, the voltage can be adjusted in a con-
stant ratio with the supply frequency. The torque produced by the motor will remain
relatively constant over the entire operating range since it is proportional to the mag-
netic field in the air gap. This is called constant V/f or Volts Hertz (V/Hz) control. In
most V/f drive implementations, the relationship between voltage and frequency is linear.
The particular ratio to maintain rated flux can be determined from the nameplate data.4
2.2 Field Oriented Control (FOC)
The benefits of a V/f drive include it's low cost, ease of implementation, and the fact that
it doesn't require much knowledge of the motor it is trying to control. The disadvantages
of the constant V/f control method are that the torque developed by the motor is load
dependent, and there is not a fast transient response because the switching pattern of
the inverter is predefined.
2.2 Field Oriented Control (FOC)
Field oriented control or "vector control" is a control technique much better suited to
handle transient conditions in an efficient manner. In a field-oriented control scheme,
both the magnitude and phase of each phase current and voltage are controlled, as
opposed to simpler control schemes such as V/F control where only the magnitude of
each phase voltage is scaled proportionally to frequency in order to maintain constant
flux. Two of the three-phase currents are measured using a shunt resistor, and they
are transformed with a rotation matrix into a two-coordinate rotating reference frame
that is time invariant. This transformed stator current vector is composed of two decou-
pled components: a d-axis component and q-axis component. The d-axis component is
aligned with the rotor flux or 'field', and the q-axis component is aligned with the motor
torque-producing field. Control of the AC induction machine is now analogous to that
of an externally excited DC machine in that a separate reference is provided for the field
and the torque components of input current. These components of the stator current
appear as DC values in the steady-state case, and can be regulated to their reference
values using PID control. A speed loop can be wrapped around the q-current (torque
producing) loop in order to accomplish a variable speed control that is very accurate in
both steady state and transient cases due to the fact that this control algorithm deals
with instantaneous electrical quantities within the motor. 5
Field-oriented control requires knowledge of the rotating flux angle within the machine in
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order that the measured phase currents may be transformed to a time-invariant reference
frame rotating at synchronous speed. The present control scheme is called indirect field-
oriented control because knowledge of the rotating flux angle is arrived at indirectly by
calculating the slip frequency using a mathematical model of the motor that utilizes
transformed d- and q-axis currents as inputs, as opposed to directly measuring the flux
angle with a flux sensor. 4 A more rigorous treatment of field-oriented control can be
found in [4].
2.3 Direct Torque Control (DTC)
Direct torque control is similar to vector control except it has no fixed switching pattern.
In the DTC control scheme, the inverter is switched according to load requirements. By
eliminating the fixed switching pattern seen in both scalar control and vector control,
DTC achieves an extremely fast transient response during instantaneous load changes.
DTC uses a mathematical model of the motor it is controlling to predict flux and torque
in the machine based on the DC bus voltage, measured line currents, and the state of
the IGBT switches. The predicted values are compared with reference values set for
these quantities and the next switch state is determined based on the result of these
comparisons. DTC's advantages are fast response time, no need for feedback devices,
and high performance. The disadvantage is the higher torque and flux ripple that result
from the hysteresis in the comparator. 4
Now that the most common variable frequency drive (VFD) algorithms have been cov-
ered, it is time to take a look at the testing platform designed to evaluate how efficiently
the different VFD techniques control an induction motor under various loading condi-
tions.
14
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3 The Testing Platform
The testing system is divided up into the following functional components in order to
make its description as clear as possible:
(1) target motor and loading motor
(2) DSP board and power electronics
(3) power supplies
(4) load motor controller and interfacing board
(5) centralized development/debugging environment
(6) data collection and power/efficiency computations
Each of these components and their interactions will now be described in detail. The
part numbers of the individual components are provided in Appendix A. A photograph
of the actual testing platform, and a representative block diagram containing some of
the core platform components are shown in Figures 3 and 4.
The configuration shown is set up to test a third-party controller under various loads.
The software orchestrating the experiment is running on a separate computer that is not
shown in the picture.
3.1 Target Motor and Loading Motor
The testing platform is configured such that there is one target motor being tested for
energy efficiency with its shaft coupled to the shaft of another motor that operates to
load the target motor. The target motor in this particular setup is a Marathon Elec-
tric 220V 1/4 horsepower squirrel cage AC induction motor. Over 90 percent of the
polyphase AC induction motors in use today are of the squirrel cage type. 2 Their preva-
3.1 Target Motor and Loading Motor
Figure 3: Testing platform.
lence is due to their rugged construction, reliability, and lack of any need for a direct
connection between stator and rotor, such as that accomplished with brushes or slip
rings. The motor is fitted with a 2048-line quadrature optical encoder used for rotor
position and velocity measurements, which are integral feedback components for many
motor control schemes. The shielded wires coming from the encoder are grounded, and
in addition, two EMI-suppression ferrite cores were placed around the induction motor
terminal wires in order to suppress IGBT switching noise. In addition, the neutral (Y
point) was brought out to a test point in order to facilitate power measurements.
The target motor shaft is coupled to the shaft of a Parker 160V permanent magnet
synchronous motor (PMSM) using a 1/2 inch aluminum flex coupling. The PMSM has
a peak torque of 1 Newton meter. The Parker load motor is similar to the induction
16
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Figure 4: A functional block diagram of several motor testing platform components.
motor because it is necessary to have a rotating field created in it's stator created by
three-phase alternating current inputs that interact with the rotor's magnetic field in
order to produce torque. However, the PMSM has permanent magnets fixed to its rotor
that are used to produce the rotor field, as opposed to relying on the stator currents to
induce this magnetic field. These permanent magnets result in a constant flux that links
the armature windings. Due to the strong neodymium magnets that create the rotor
magnetic field of the PMSM, it responds rapidly to torque commands, making it perfect
for simulating the characteristic load profiles of many induction motor applications. The
PMSM used in this testing platform is configured to serve as a dynamometer for the
platform, with its controller inputs provided by the AC induction motor controller for
the purpose of measuring output power, which will be further described in section 3.6.
The DC bus on the PMSM controller is wired to a Gemini Power Dissipation Module to
dissipate the load power and prevent the DC bus voltage from soaring to fault levels.
Both of these motors are securely mounted to an anodized aluminum base plate. The
rubber feet affixed to the bottom of the base plate absorb any excess vibration, and
the threaded holes spaced evenly across the base plate are useful for mounting. In
17
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order to accurately line up the motor shafts to be inserted into the flexible coupling,
a custom aluminum mounting block was fabricated and inserted between the loading
motor and the base plate and shimmed for accurate alignment. The base plate and both
motor chassis are earth grounded through a 12-gauge insulated wire. The finished motor
mount is shown below in Figure 5.
EnctodeN
Target iLoad
Figure 5: The Target motor and load motor with a flexible shaft coupling.
3.2 DSP Board and Power Electronics
At the heart of the testing platform is the hardware used to execute the control al-
gorithms and apply the generated voltage waveforms to the windings of the induction
motor. The Texas Instruments (TI) High Voltage Motor Control and PFC Developer's
Kit, shown in Figures 6 and 7, was selected for this purpose. 6
The Developer's kit integrates many of the components needed for the precise digital
control of AC motors, including an 80 MHz TI Piccolo F28069 microcontroller with iso-
lated Universal Serial Bus (USB) and Controller Area Network (CAN) communication
for importing variable parameters and commands and exporting measurements in real
time. The F28069 is a true floating point embedded processor which simplifies the cre-
ation of control algorithms because it is not necessary to use any sort of floating point
18
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Figure 6: The TI High Voltage Motor Control and PFC Developer's Kit.
emulation needed for the numerical accuracy of algorithms such as PID regulators. In
addition, the kit incudes two 12-bit 8 channel analog-to-digital converter (ADC) banks
that can be used for sampling phase current and voltage. The two ADC banks can be
triggered individually to convert by many sources including the PWM units. There are
multiple headers for interfacing with quadrature encoder and capture based devices, a
high power rectifier, and a 1.5 Kilowatt three-phase inverter with a heat sink, fan, and
intelligent power module (IPM) that includes six 20 Amp IGBTs. The board is also
equipped with four PWM DACs for outputting internal variable values at the control
loop frequency.
The use of the MCU, inverter, and hardware peripherals included in the kit, in conjunc-
tion with the VisSim Embedded Controls Developer software platform described further
in section 3.5, allows for the rapid prototyping of control algorithms and systematic,
side-by-side creation of simulations and actual hardware experiments. This allows a
particular control scheme to be first tested on a model of the target motor, and then
immediately tested on the actual motor in order to verify that the results agree.
19
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Figure 7: A Block diagram of some of the kit's essential components.
For more information on the technical details of the Texas Instruments' High Voltage
Motor Control and PFC Developer's Kit, please see the hardware reference guide.6
3.3 Power Supplies
There were two possibilities for the source of power to the three-phase power inverter
DC bus for each controller. The first option was to use rectified line voltage. When the
testing platform is set up in this configuration, the path for power to the inverter is as
follows: a Tripp-Lite 1000 Watt isolation transformer plugs directly into the mains and
outputs an AC voltage of 120VAC nominally at 60 Hz. This output is run into a 5000
Watt LiteFuze step up transformer, which steps the voltage up to 220VAC at 60 Hz.
The output of the step up transformer is input to a 1000 Watt Staco Energy variable
autotransformer (variac), which allows a nominal AC voltage of anywhere between 0V
and 220V to be applied to the high power rectifier on the motor controller. This allows
for the generation of a DC bus voltage of up to 311 Volts. The use of a variac allowed
the bus voltage to be applied gradually during startup in order to pre-charge the DC bus
capacitors and avoid the large inrush currents that can result from applying the high
voltage instantaneously.
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Figure 8: Two 300V DC power supplies wired in series.
A second power configuration uses two 300 Volt, 16 Amp EMS Power Supplies manufac-
tured by Lambda EMI, Inc. wired in series. Each supply was powered by a three-phase,
220VAC mains input. In this configuration, shown in Figure 8, the inverter DC bus on a
given motor controller is given a stiff voltage anywhere between 0 and 311 Volts. Using
these DC power supplies provided two advantages, in that they were current limited
for safety, and they eliminated the 120 Hz conduction spike seen in the DC bus current
when using the high power rectifier on the mains voltage which could make the real-time
power measurements more difficult.
3.4 Load Motor Controller and Interfacing Board
One of the stated objectives for this motor testing platform was the centralized control
of both the target motor and load motor. Specifically, it was desired that both the
target induction motor and the PMSM loading motor would be controlled by the same
microprocessor in order to facilitate the synchronization of the load waveform generation
21
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to the rotor position of the target motor. This section details how that synchronization
has been accomplished.
Figure 9: The board shown provides isolation between the two controllers as the load
command signal generated on one controls the other.
The controller for the Parker PMSM loading motor is a Parker Compumotor GV-U6E
Gemini Servo controller. The controller parameters can be configured for a given motor
over RS-232, and maximum output torques and command input scaling can be done
from the command line. This controller has an analog I/O section that when configured
in closed loop torque mode allows a ±10V analog signal to command a nominal torque
anywhere between zero and just over 1 Newton meter in either direction. The TI High
Voltage Motor Control Developer's board was configured to output the load command
waveform on one of the PWM DACs at an update rate of 10 kHz. These PWM DACs
output a voltage between 0 and 3.3 volts, and all have a small RC lowpass filter on them
with a cutoff frequency of 330 Hz which attenuates high frequency PWM switching noise.
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In order to use the signal that is output on the PWM DAC as an input to command
a torque on the Gemini Servo controller, I designed and built a small circuit, shown
in Figure 9, to provide signal isolation from the motor control development board and
allow for variable scaling and offsets so that the two controllers would interface prop-
erly. The schematic for this circuit is attached in Appendix B. The circuit uses a Texas
Instruments IS0124 precision isolation amplifier to isolate the 0 to 3.3V analog signal
output on the PWM DAC of the TI Development Kit. The IS0124 requires a split sup-
ply, which I provide using the TC962 High Current Charge Pump DC-to-DC Converter
from Microchip. The analog torque command signal is sampled, duty-cycle modulated
at 500 kHz, and transmitted digitally across a 2pF differential capacitive barrier. 7 This
isolation amplifier has a 0.010% maximum nonlinearity, 50kHz signal bandwidth, and a
high voltage breakdown over 1500vrms. After crossing the isolation barrier, the signal
travels through two op amps contained in a single LM358 package configured as inverting
amplifiers. Both op amps have a 10 kQ trim pot inserted for one of their feedback resis-
tors, to allow for variable scaling of the 0 to 3.3V signal to anywhere between ±10V and
variable offsets between ±10V. This corresponds to the range of input commands that
the Gemini Servo controller, shown in Figure 10, expects to see for the analog torque
command.
With the described setup, it is possible to use the F28069 MCU on the TI Motor Control
board to generate a load command for the Parker motor to apply. Constant loads are
as simple as sending a constant duty cycle out on one of the PWM DACs. And for
cyclical loads, the rotor angle of the target motor can be computed and then used to
generate a load command as a function of this rotor position. This commanded torque
signal is input to the interfacing board described above for isolation and signal scaling
and directly input to the PMSM motor controller. Therefore, cyclical loads that apply
the same torque profile periodically throughout each rotor cycle can be synchronized
23
3.5 VisSim: A Centralized Development/Debugging Environment
Figure 10: A View of the Gemini Servo controller with wires run to its analog command
inputs.
and precisely simulated.
3.5 VisSim: A Centralized Development/Debugging Environment
The use of a single, central software environment enabled the rapid construction of ex-
periments to test different control algorithms under various constant and cyclical load
profiles. VisSim Embedded Controls Developer (ECD) was the software environment
chosen for the motor test platform. VisSim is a graphical programming language in
which the developer creates diagrams of functional blocks connected by wires, and then
executes these diagrams with the desired simulation time step or control loop rate.
VisSim provides a graphical interface to perform the hardware configuration for many
of the peripherals on the F28069 processor. It enables both simulation and real-time
embedded hardware debugging to take place using the same software. This greatly
shortened the length of each design iteration because a controller and load could be
simulated on a motor model, and then verified immediately in actual hardware using a
slightly modified diagram. VisSim has many functional blocks that provide for the quick
configuration of hardware registers in order to set up many of the hardware peripherals
on the F28069 processor, which facilitated experimentation with hardware settings such
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as PWM frequencies and synchronization in a straightforward way. VisSim has the
capability to generate and compile optimized C code from a source diagram with the click
of a button, and another click of a button will download this code to the microprocessor's
RAM or Flash memory for execution.
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12. This debug diagram allows the user to interact with the motor controller in real
time over CAN in many ways, such as by changing values of parameters including PID
values, applying new input commands, or viewing variables shipped back to the PC over
CAN on plots as they change over time.
VisSim ECD ships with a Texas Instruments Digital Motor Control block library, which
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Figure 12: A VisSim debug diagram for running and interacting with the compiled
source on embedded hardware.
is a group of specific functional blocks that accomplish many of the sub-functions used in
digital motor control algorithms, such as Space Vector Modulation and PID regulators.
The inclusion of this library also greatly shortens design cycles, because the user has
many of the basic pieces needed for constructing a motor control algorithm already at
his disposal. This means that certain subroutines do not need to be re-implemented.
Having a central software development platform to design and implement control algo-
rithms, generate load command waveforms, and create real time variable speed inputs
to the controller was key in allowing many configurations to be tested rapidly and accu-
rately. The capability to configure an entire experiment in a single location and run it
both in simulation and then on embedded hardware immediately following while varying
and viewing variables in real time was valuable in getting results from many different
experiments quickly. This is one of the most advantageous features of this setup.
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3.6 Data Collection & Power/Efficiency Computations
VisSim is capable of displaying the values of variables shipped to the PC over CAN from
the embedded processor, and a PCAN-USB CAN-to-USB adapter was used in order
to accomplish this communication between host computer and microcontroller on the
Texas Instruments High Voltage Motor Control and PFC Developer's kit. However, this
method is limited by both CAN's data rate, and by the time it takes for VisSim to
refresh the screen for a large number of data points when the sampling rate is high (in
our case between 1 and 10kHz).
Therefore, this CAN method was only used for getting a rough idea of what was tak-
ing place inside the motor, and variables were each exported at less than 1kHz to be
viewed in VisSim. This was useful for viewing the speed response of the motor under
load and in response to step and ramp inputs when tuning the controller, and also for
forming an idea of what the motor currents were doing at a given point during an ex-
periment. However, in order to calculate input electrical power to the target motor and
output power delivered to the load motor, a separate data collection system was created.
For a 3-phase 3-wire circuit such as the Marathon Electric induction motor around which
the testing platform was designed, the standard protocol for power measurement involves
attaching two wattmeters to the circuit in the configuration diagrammed in Figure 13.
The total electrical power input to the motor is then calculated as the sum of these two
independent power readings.
However, if both the applied load during power measurement and the phase impedances
of the motor are balanced, a single wattmeter can be used to extract the same informa-
tion. By measuring the RMS phase voltage between a single motor lead and the motor
neutral (Y point) while simultaneously measuring the RMS phase current in that lead
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Figure 13: Measuring power in a 3-phase, 3-wire circuit with the two wattmeter method. 8
it is possible to calculate the electrical input power to the motor. The product of these
two measurements multiplied by three to account for all three phases will equal the total
input power.8 All of these measurements were taken on the motor side of the inverter
in order to eliminate discrepancies in efficiency due to inverter hardware. In addition to
these post-inverter measurements, pre-inverter power measurements were also taken for
certain experiments. For these measurements, the inverter DC bus voltage and current
were measured and multiplied.
A Tektronix P5200A High Voltage Differential Probe was used for phase voltage mea-
surement between a terminal lead and the neutral point. The P5200A is capable of
measuring ±1300V at 500x attenuation with an error of less than 2%. The probe was
provided a ground reference through an oscilloscope as per operating manual specifica-
tion.
A Fluke 80i-110s AC/DC Current Probe configured for a 0 to 10A peak AC range was
used for phase current measurement. The probe allows for measurements as low as 10
milliamps with an error of less than 3% in the DC to 1kHz range and a phase shift of
less than 1.5 degrees from DC to 65 Hz.
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In order to reduce any noise on these signals due to either the operation of the surround-
ing equipment or the 10kHz IGBT switching in the inverter, the output of each probe
was run through an Alligator USBPGF-S1 Programmable Instrumentation Amplifier
and Low-Pass Filter. This is an 8-pole Bessel filter with 66kHz bandwidth. Each filter's
cutoff frequency was reprogrammed to 1kHz, well below the frequency of the surround-
ing EMI and PWM switching.
The analog BNC outputs of these two probes were input to a National Instruments
PCI-6251 high-speed data acquisition (DAQ) board that provides accurate sampling at
fast sampling rates. The 6251 is capable of sampling at 1.25 MS/s and ensures 16-Bit
accuracy even when measuring all 16 channels at maximum speeds. Adjacent channels
were terminated with 50 Ohm BNC terminators in order to avoid any possible 'ghost'
effects in which signals cross-contaminate one another which can lead to systematic per-
turbations in the recorded data.
Custom LabVIEW diagrams were written by a LabView consultant in order to facilitate
the real-time power measurements. These programs allowed for both easy configurability
of sampling rates and real-time operations on the incoming data, and for visualizing the
voltage and current measurements in discrete windows. The program was written to
multiply the two inputs together and average them over a variable sized buffer in order
to calculate the average electrical input power to the target motor. The average output
power was computed as the product of average rotor speed and average shaft torque
which were calculated in various ways depending on the nature of the test (steady state,
cyclical, or speed to speed). The ratio of average output power over average input power
was used as the metric for efficiency. All of the collected data could be written to file with
the click of a button for easy recording. This software was run on a separate computer
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from the VisSim computer in order to facilitate fast data collection while allowing for a
change in the input parameters in the running experiment.
4 Controller Implementations and Design Considerations
As mentioned earlier, in addition to the the commercial controllers purchased for testing,
several custom controllers were implemented to run on the Texas Instruments Develop-
ment board. This section will detail the various control algorithms implemented for
testing, and provide some general design considerations for motor controllers. The algo-
rithms were primarily coded graphically in VisSim, although some custom .DLLs were
written in Microsoft Visual Studio 2010 to supplement the block diagram. The block
diagrams generated optimized embedded c-code which could be compiled in VisSim and
downloaded to RAM on the F28069 for execution.
4.1 Controller Implementations
Both a closed-loop V/f controller and a field oriented controller (FOC) were imple-
mented for the present work. Common to both controllers were the 10 kHz switching
frequency, the centered PWM configuration, and the Space Vector Modulation (SVM)
PWM algorithm. Voltages and currents in the controller are handled on a Per Unit
scale (normalized to ±1 based on motor base values) in order to keep the numbers
tractable and allow motors with different sets of parameters to be substituted into the
testing platform with ease. For a more in depth review of Per Unit systems, please see [4].
In order to center the PWM signals within the 10 kHz switching period, the ePWM units
on the TI Development board were configured with a Up-Down-Count time-base, which
uses a triangle waveform to generate the switching events. The units were configured for
4000 counts up and 4000 counts down per period, which gives a 10 kHz PWM frequency
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Figure 14: Centered 10 kHz PWM signals for all three phases.
with the 80 MHz system clock. The generated PWM waveforms can be seen in Figure 14.
The ADCs were triggered to begin their sample collection when the counter was equal
to the period, in order that the phase currents would be sampled halfway through the
time when the IGBT was closed in order to give the most accurate current reading.
The deadband module of the ePWM unit was configured for active high complementary
waveforms, which meant only the switching signal for the top IGBT in each leg of the
inverter had a signal run to it, and the bottom leg was automatically generated. The
rising edge delay and falling edge delay for each PWM cycle was set to 2.1 microseconds
(just over the 2 microsecond minimum time recommended for this inverter), in order to
avoid any current shoot-through as one switch closed and the other opened.9 For more
information on the ePWM units, please see [91.
ADCs were mapped to the correct registers specified in the TI Development Kit manual.
The ADCs take 20 ADC clock cycles to complete a conversion, and the ADC clock was
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configured to run at 13.33 MHz, 6 of the system clock speed. The measured currents
were exported over CAN using VisSim monitor buffers, scaled to per unit values, and
plotted in VisSim in order to verify correctness. These measured currents during normal
motor operation are shown in Figure 15.
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Figure 15: Phase A and B currents measured by ADCs on TI Development board.
The V/f controller employs a closed-speed loop (accomplished by PI regulator) like all
the other controllers in order to make verification of output power a simpler, repeatable
task. A linear profile was established for applying a proportional voltage magnitude
based on the frequency command. In the low frequency region the profile is given a
boost to 10% of rated voltage to help the motor start from zero speed. This constant
boost low frequency region leads into a linear region where the voltage scales propor-
tionally with the frequency command until it reaches rated voltage at rated speed and
plateaus afterwards. The frequency command output by the PI regulator is fed into the
V/f lookup table, and then the command frequency and voltage amplitude are input to
a space vector generator which outputs the 3-phase switching waveforms that switch the
inverter. A portion of the VisSim diagram for the V/f controller is shown in Figure 16.
The field-oriented controller designed and implemented for the present work accom-
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Figure 16: VisSim source diagram of a V/f controller.
plished closed loop current control and closed loop speed control. Therefore, accurate
feedback in the form of motor velocity and phase current measurements was necessary.
Figure 17: Block diagram of an FOC controller.
For motor velocity feedback, the B channel on the quadrature encoder was input to
a capture module, which measured the time (in units of microcontroller clock cycles at
80MHz) between encoder ticks. From this information rotor speed was calculated. Phase
current values were read from ADCs that measure the voltage across shunt resistors, and
the current measurements were then scaled appropriately by viewing the actual phase
currents on an oscilloscope using the Fluke current probe. Gain factors and constant
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offsets were calculated accordingly. The actual VisSim block diagram for the controller
implemented is attached in Appendix E, but a general block diagram for an FOC similar
to the controller implemented is shown in Figure 17.
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Figure 18: Response of motor q-axis current to a square wave input.
The inner current loops and outer velocity loop were tuned in a fashion similar to the
Zeigler-Nichols method. This consisted of zeroing all gains and then adjusting the PID
values and q-axis and d-axis current reference values real-time over CAN while running
the control algorithm, and observing the motor response to both step and ramp inputs of
varying magnitude and frequency. An example test input and the corresponding motor
q-axis current response during a tuning experiment are shown below in Figure 18. This
shows the response observed over CAN, but the limited data rate caused aliasing prob-
lems to appear. Therefore, controllers were also tuned using VisSim monitor buffers,
which export the value of the currents for every 10 kHz sample in a buffer.
Using only proportional gain, the current response would be taken to the brink of stabil-
ity (constant amplitude oscillations), and then the gain halved. The I and D gains were
set to 2 and 8E, respectively, where T is the oscillation frequency. To tune the outer
velocity loop, a similar approach was taken. A step velocity command would be pro-
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Figure 19: Tuning velocity PID loop using a step input.
vided and controller response observed over CAN while PID parameters were changed
on the fly. The response of a de-tuned controller in the process of being tuned is shown
in Figure 19.
In addition to these control algorithms implemented for testing, two commercial off-
the-shelf (COTS) controllers were purchased for the efficiency comparison. These two
controllers were a 200 Watt Hitachi WJ200 inverter and a 1 HP Baldor VDS1MD. Both
controllers, shown in Figure 20, were configured over USB using their respective PC
software to operate in sensorless field-oriented control mode. The motor parameters for
each control algorithm were obtained using each controller's auto-tuning method, which
performs several tests on the motor in order to characterize it. For the Baldor inverter,
a representative from their district office traveled to the testing site to set up and tune
the drive specifically for the 1 HP motor being tested with the setup. Quarter Mile4
Technologies also donated two of their motor drives for testing, a standard controller
and a high performance controller.
After undergoing several iterations of controller implementation, there are two parts
of the control algorithm implementation that deserve considerable attention: the slip
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4.2 Slip Estimator
Figure 20: Commercial controllers purchased for comparison.
estimator used in a field-oriented control scheme to align dq vectors with a rotating
field, and Space Vector Modulation.
4.2 Slip Estimator
As mentioned earlier in section 2.2, in order to achieve field orientation it is necessary
to know the rotor flux angle. In an indirect field-oriented control scheme, the flux angle
is estimated using the slip frequency predicted from an equivalent circuit model of the
motor with inputs of the rotor speed and stator current.
The most frequently encountered method for slip estimation involves calculating a non-
linear slip relation based on dq current commands. The equation to solve is
( I)ie*S(.*= i' je (1)
e i.e*
(1 +pir) 2ds
where S is the slip, we is the electrical frequency of the motor, ir is the best estimate of
the rotor circuit time constant equal to :, p is the derivative operator, and i*, ieq are
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the d,q current commands, respectively. The slip speed is computed and added to the
measured rotor velocity, then integrated to give the rotor flux position. It is apparent
in the equation that the lag in the flux response is incorporated into the slip estimation
with the 1 term.4
(l+jyfr)
This slip estimator was implemented in the VisSim block diagramming language. The
filter included to modify the slip calculator so that orientation is maintained even dur-
ing flux changes is implemented as a separate block with an adjustable time constant.
When i"*j is fixed during constant flux operation, the lag has no effect on the estimator
output which means that the equation can be reduced to not include the filter for flux
response. However, during any flux transients, the lag element delays the i'* command
to ensure that the flux change matches what the dynamics of the machine describe that
it is capable of.
A method for tuning the circuit model parameters used for slip estimation was explored
as a side project as well. The protocol entailed commanding a speed with a closed
speed loop controller and applying a load while monitoring the electrical power in. The
parameters were varied until power-in minimums were found because at this point, the
slip estimation should theoretically have been most accurate as the d-axis was closer
to aligned with the rotor flux, and q-current was injected orthogonally to this for a
maximum torque product. Because the output power was fixed (using closed-loop torque
on the load motor and closed-loop speed on the target motor), the minimum power in
point should be the point where slip estimation was most accurate.
4.3 Space Vector Modulation (SVM)
During the deadband portions of the PWM cycle in which both switches on a leg of the
inverter are left open in order to avoid shoot-through currents, the voltage applied to
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that phase of the motor will either be pulled up to the DC bus voltage or down to zero
depending on the direction of the current flowing through that same leg. This causes
the controller to fall short of maximum DC bus voltage even at maximum duty cycle
due to the duration that the phase voltage is pulled down to zero. With a low PWM
switching frequency, the deadband does not consume a significant portion of the PWM
period, and its effect on the maximum voltage obtainable is less apparent. In the case of
the inverter used for this configuration of the test setup, 4% of the DC bus voltage was
unobtainable even when switching with the maximum duty cycle. In addition to this
loss of voltage, the switching method used to generate the sinusoidal waveforms to be
applied to the motor windings also affects the maximum phase voltage able to be applied.
There are several possible methods to use for generating the three-phase sinusoidal volt-
age and current waveforms necessary to spin the induction motor. In the sinusoidal
PWM method, the controller will run through a look-up table of duty cycles that when
applied to the inverter IGBTs will create a sinusoidal output voltage to be applied to
the motor. This method is simple and only requires a single lookup table to generate
all three sinusoidal supply waveforms, but the magnitude of the fundamental line-to-line
voltage applied is less than 90% of the DC bus voltage, and there are large harmonics
from the PWM switching.
Another method is six-stepping. The three-phase inverter has six unique active switch-
ing states, and when these states are fired in a particular sequence, it can cause the
motor to rotate. An advantage of this scheme is that the magnitude of the fundamental
line-to-line voltage is greater than the DC bus voltage. However, there are significant
low-order harmonics that the motor inductance does not filter out which leads to higher
losses in the motor and larger torque ripple.
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Figure 21: The six active and two inactive switching vectors for a three-phase inverter
using space vector modulation.
Space vector modulation attempts to synthesize a reference voltage vector using a com-
bination of the active switching vectors. The three-phase voltage waveforms applied to
the induction motor can be described by a single rotating voltage vector. This technique
results in lower harmonic distortion at the PWM switching frequency, but limits the
amount of voltage applied to less than the DC bus voltage. The typical hexagon of
switching states used to illustrate space vector modulation is shown in Figure 21. Each
vector from the origin to a vertex on the hexagon can be synthesized by a combination
of IGBT switching states, and any vector within the hexagon can be synthesized by
sequencing through these six active and two inactive vectors.
In the diagram, Vref is synthesized using the V and V2 active switching vectors. The
magnitude of the reference voltage vector stays inside the circle inscribed within the
hexagon if not overmodulating, which reduces the total harmonic distortion (THD). It
is possible to overmodulate SVM to generate a sine wave of greater amplitude than the
DC bus voltage, but it increases the THD and thus increases losses.4
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5 Induction Motor Models and Parameter Identification
The following models were used for simulating experiments prior to implementing them
in VisSim and on the embedded processor, and for verifying motor parameters once they
were obtained. The obtained motor parameters were used for both simulation and in
certain controller implementations.
5.1 Equivalent Circuit Model
The steady-state equivalent circuit for a single phase of an induction machine with
symmetric polyphase windings is given below in Figure 22. It is assumed that the wind-
ings are excited by balanced polyphase voltages, represented as complex phasors in this
model. In this circuit representation, voltages are line-to-neutral values, and currents
are line values. 5
R, X, a X2
+ + 12
+ 
i2
b
Figure 22: Single-phase equivalent circuit for a polyphase induction motor. 5
The phasor relationship for the stator component of this circuit is
V = 2 + I,(Ri + jXi)
where Z1 stator terminal voltage, F1 = counter emf due to air gap flux, ii = stator
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current, R 1 = stator effective resistance, and X 1 = stator leakage reactance. A detailed
explanation of the analysis of this circuit can be found in [5].
This steady-state equivalent circuit model was used to generate speed-torque curves for
each of the motors tested, to establish a maximum theoretical efficiency for each steady-
state test point, and to verify that the parameters used in the control algorithms were
accurately representing the motor under test.
5.2 DQO Model
Using a model in the stationary a, b, c reference frame such as the model described
above results in sinusoidal coupling between the stator and rotor circuits with respect
to rotor position. However, by referring both the stator and rotor system equations to
a common reference frame, this coupling can be eliminated. This greatly simplifies the
analysis of the machine in the transient case. By referring both stator and rotor quanti-
ties to a reference frame rotating at synchronous speed, field orientation can be achieved.
In field orientation, the d-axis of the synchronously rotating reference frame is aligned
with rotor flux, and the q-axis lies in quadrature aligned with motor torque. Control of
the induction motor becomes similar to DC motor control at this point, with the d-axis
current analogous to the field current, and q-axis current controlling motor torque. In
the rotating reference frame, these two components appear as DC quantities. The circuit
diagrams for the dqO model are shown in Figure 23.
The dynamics of these two circuits are captured by the equations
Vqs ~ rsiqs + PAqs + We Ads
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Figure 23: Synchronous frame d,q model. 4
Vds Tszds + PAds - WeAqs
where Vqs, Vds are the stator q-axis and d-axis voltages, respectively, r, is the stator
resistance, Aqs, Ads are the q-axis and d-axis components of the stator flux, respectively,
We is the synchronous speed, and p is the derivative operator. This model can be used
to accurately analyze the transient response of an induction motor.
5.3 Parameter Identification
The identification of motor parameters for the equivalent circuit motor models is a cru-
cial aspect of motor controller design. Besides the obvious benefits gained from having
an accurate simulation model, many control algorithms including FOC require a slip
estimation which depends heavily on these motor parameters.
In order to obtain the necessary motor parameters, the protocol described in IEEE
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Standard 112B, which details the test procedures to use for characterizing polyphase
induction motors, was followed. The procedure is as follows: first, a no-load test is per-
formed. The machine is run at rated voltage and frequency with no load connected. The
coupling linking the motor shafts was removed for this portion of the testing. Voltage,
current, and power input post-inverter at rated frequency are recorded as the voltage
amplitude is varied from 125% of rated voltage down to the point where further reducing
the voltage would increase the current drawn by the motor.1 0
This information is used to obtain power dissipated in the core as a function of applied
voltage. The friction and windage losses and the stator I 2 R losses are subtracted from
the power-input at each voltage test point, and the curve that is left represents core loss.
The curves of voltage versus power dissipated in the core for both a 1 HP and a 5 HP4
motor are shown in Figures 24 and 25.
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Figure 24: Power dissipated in the core vs. Figure 25: Power dissipated in the core
voltage for the HP motor. vs. voltage for the 5 HP motor.
A locked rotor test was then performed in order to gather the circuit impedance data.
In order to lock the rotor, the load motor was configured to operate with a closed speed
loop and commanded zero velocity to hold the rotor in place. With the rotor locked,
the voltage applied to the stator windings was gradually increased at a frequency of
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25% of rated, until rated current was obtained. Voltage, current, and power input were
measured.
Figure 26: Parameters identified for the 1 HP and 5 HP motors.
IEEE Standard 112B then provides a series of calculations in order to come up with an
iterative solution for the magnetizing reactance and stator leakage inductance. The rest
of the parameters can be calculated from this information. A Matlab script was written
for calculating the motor parameters based on the results of the tests. It is provided in
Appendix C.
The parameter sets for the two target motors are given in Figures 26. Certain parame-
ters for the 5 HP motor, namely the stator resistance and stator leakage inductance, had
to be scaled by a factor of 4 due to the low-voltage mode configuration which connects
another set of windings in series with the first.
The speed-torque curves for both of the target motors tested are shown in Figures 27
and 28. The electrical frequency of the three-phase voltage inputs was fixed at 60 Hz.
The curves show that both motors achieve their nominal torque at their nameplate rated
speed. These are 1.1 NM at 180.6 rads/sec and 20.2 Nm at 184.8 rads/sec for the 1 HP
and 5 HP motors, respectively.
HP ACIM Parameters
Parameter Value
Poles 4
Stator Resistance (RI) 10.8 Q
Rotor Resistance (R 2) 7.5795 Q
Stator Leakage Inductance (Lis) 0.0279 H
Rotor Leakage Inductance (Lir) 0.041691 H
Magnetizing Inductance (Lm) 0.3187 H
Core Loss Resistance (Rm) 1530.6 Q
5 HP ACIM Parameters
Parameter Value
Poles 4
Stator Resistance (Ri) 0.31 Q
Rotor Resistance (R 2 ) 0.18 Q
Stator Leakage Inductance (Lis) 0.0015 H
Rotor Leakage Inductance (Lir) 0.013 H
Magnetizing Inductance (Lm) 0.0459 H
Core Loss Resistance (Rm) 898 Q
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Speed vs Torque for 1/4 HP AC Induction Motor
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A speed-torque curve for the 1 Figure 28: A speed-torque curve for the
5 HP motor.
Parameter sets were verified by configuring a motor controller in V/f mode and providing
voltage inputs while measuring phase currents and input power to ensure that the model
matched the hardware.
5.4 inverter Model
In order to obtain theoretical efficiencies for the steady-state speed/load test points, it
was necessary to include an inverter model in conjunction with the motor model de-
scribed in section 6.1. The details of this particular inverter model are provided in [11].
The voltage source inverter is diagrammed in Figure 29.
The power losses due to IGBT switching are modeled as
(2)6SV = ~ ' fs(EON, + EOFF,I + EOFFD) 'dc L7r Vref iref
where f, is the switching frequency, EON,I, EOFFI are the turn-on and turn-off energies
of the IGBTs respectively, EOFFD is the turn-off energy in the diode due to reverse
recovery charge current, Vc is the DC link voltage, Vref is the reference voltage pro-
vided by the IGBT data sheet equal to the blocking state voltage of the IGBT before
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V
Figure 29: Voltage Source Inverter. 4
the corresponding commutation, iL is the peak value of the ac line current, and iref is
the on-state current after the commutation that Vref proceeds.'1
The conduction losses in the IGBTs are modeled as
2
VCEO - ZL M - 7T TCE - L 2
PC,I =(1 + - (c))+ M(- - cos(O) + Fsy ) (3)27r 4 27r 4 3
where VCE,O is the IGBT's threshold voltage, M is the modulation index, # is displace-
ment angle between the fundamental of the modulation function and the load current,
TCE is the IGBT's differential resistance, and FSVM is equal to zero because the con-
troller employs sine-triangular PWM.
The diode conduction losses are modeled as
-2
VF,O - tL M -. coT 5 ) - iL 7W 2PCV,D = . (1 - - cos(#)) +'- - - M(- . cos(#) + FsVM) (4)27r 4 27r 4 3
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where VFO is the diode's threshold voltage and rf is the diode's differential resistance.
These losses were included into the steady-state equivalent circuit model of the induc-
tion motor. The necessary inverter parameters were obtained from the data sheet for
the inverter. An example of the difference in theoretical efficiency with and without
compensating for inverter losses for the 1 Marathon Electric induction motor is shown
in Figure 30.
1/4 HP Induction Motor Efficiency with and without Inverter Model
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Figure 30: Theoretical maximum efficiencies across a range of speeds under a fixed load
with and without compensating for inverter loss.
This curve was generated with a fixed torque of 0.8 Nm, which is approximately 80%
of rated load. It is customary for induction motor to be approximately 20% oversized
for their application. A speed range from zero to rated speed was swept, and efficiency
computed at each point. The inverter losses are readily apparent in the diagram. In
order to remove the quality of the inverter components as a confounding variable, all
power measurements were done post inverter as mentioned previously.
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6 Simulations & Results
6.1 An Example Experiment
This section details an example usage of the test platform in order to clearly demon-
strate how it may be used to measure the energy efficiency and dynamic performance of
an induction motor operating under a specific control scheme and a cyclical load. The
experiment whose results are given below consisted of a custom designed field-oriented
controller operating an AC induction motor under a cyclical load applied at half the
target motor rated rotor speed.
Using the Texas Instruments Digital Motor Control library blocks in conjunction with
custom blocks and standard VisSim ECD blocks, a field-oriented controller was imple-
mented in order to apply an indirect field-oriented control scheme to the AC induction
motor. The specifics of the implementation are described in section 4.1.
When satisfactory motor response was observed, a cyclical load was designed to apply
to the target motor operating under the field-oriented control algorithm, and measure-
ments of how efficiently the target motor was operating were made.
In addition, the average velocity over a single load cycle was computed by designing a
limited integrator that automatically summed the number of samples in a load cycle and
then divided by the load period.
A cyclical load L = sin + 0.1 Nm, synced to the angle 0 of the target motor rotor,
was selected. This load always applies a torque in the direction opposite the direction of
target motor rotor velocity, and each peak in the cycle is slightly steeper than a regular
sine wave, making it a fairly aggressive load. This load goes through a full cycle for
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every two full rotations of the target motor rotor, so there is only a single torque peak
per rotor rotation. The cyclical load was programmed in VisSim to output on one of the
PWM DACs at 10kHz, between 0 and 3.3V, then run to the interfacing board for isola-
tion and signal scaling, and finally input to the PMSM controller as an analog command.
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Figure 31: Linear least squares fit to measured angular acceleration data.
After scaling the Gemini Servo controller torque command in software using the com-
mand line, it was necessary to verify that the analog torque command signal was ac-
tually commanding the correct torque. The commanded torque to motor inertia ratio
T was calculated by applying several constant torque commands to the Gemini Servo
controller, measuring the initial slope of the measured motor speed in each case, and
forming a least-squares linear fit to those data points. The results are shown in Figure 31.
It was then possible to divide by the known rotor inertia J, and verify that the com-
manded torques were actually generated by the PMSM motor.
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6.1 An Example Experiment
In this experiment, a constant motor speed was commanded to be maintained while the
cyclical load opposed the rotation of the target motor. Power measurements were taken
while this experiment was running.
In order to accurately verify that the target motor velocity was reaching the commanded
average speed and maintaining the same average power output while under loaded con-
ditions, velocity data was exported on one of the analog monitors of the Gemini Servo
controller during a cyclical load experiment and sampled in LabVIEW. To identify the
fundamental frequency of oscillation in the velocity data, the chirp z-transform was
applied to a load cycle in the waveform. The results are shown in Figure 32.
CZT analysis, freq step 0.0016672
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Figure 32: A plot of the chirp z-transform applied to the velocity data.
The fundamental frequency of the velocity waveform is apparent in the center of the
plot. This reflects the fundamental frequency of the load waveform, and can be used
to back-calculate the actual motor speed. Using this method, it was straightforward
to verify that the motor velocity was indeed achieving the commanded average velocity
under load conditions.
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The simultaneous electrical input power and output power measurements are shown in
Figure 33.
Figure 33: Screenshot of a LabVIEW window calculating average power efficiency over
load cycles.
6.2 Steady State
In order to characterize target motor efficiency under various controllers in the steady
state, the average input power to the target motor was measured under each control
scheme at a number of fixed speed and fixed load conditions. Each controller tested
employed a closed speed loop in order to regulate to the same constant speed command.
After dialing in a torque command between zero and rated torque to the loading motor
(configured with a closed torque loop), a range of speeds from 20% of rated speed (360
rpm) all the way up to rated speed (1725 rpm) would be swept and the average input
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power measured at each of these test points. For the COTS controllers, rotor speed
was also monitored in VisSim in order to ensure the same output power for each set of
testing conditions. Both of the COTS controllers were configured to run in sensorless
vector mode with a 10 kHz switching frequency. The Baldor VS1MD21 was configured
by a technician from their district office as mentioned earlier. The result of this test was
a matrix of efficiency data for the motor under each control scheme that covered a full
range of operating points for that particular motor.
Five controllers were tested while measuring steady-state motor efficiency. These were
the Hitachi WJ200, the Baldor VS1MD21, a custom V/Hz controller, and two Quarter
Mile Technologies controllers: their high performance induction motor controller (QM
1), and their standard controller (QM 2). Each matrix of test data is plotted as a surface
shown in Figure 34.
Steady-State Efficiency Data
0.9-
.0
W
0.8-
0.7-
0.6-
0.4-
0.3- M M
QM 2
0.2 VS1MD21
V/Hz
0.1 WJ200
0
100
200 0 0.2 0.4 0.6 0.8
ied (rad/sec) Load (Nm)
Figure 34: Efficiency surfaces view 1.
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QM 1 is the highest performing controller in terms of steady-state efficiency across all
speed/load test points, with efficiencies ranging from 60% to almost 90% at rated speed
depending on how heavily the motor is loaded. QM 2 is able to achieve the same effi-
ciency performance as the motor nears rated speed and load, but motor efficiency under
this controller falls off sharply as the load is decreased, a characteristic observed for all
controllers with the exception of QM 1. The V/Hz controller and the Hitachi WJ200
were the worst performing controllers in terms of steady-state motor efficiency, ranging
from approximately 20% when the motor is very lightly loaded to approximately 70%
under rated conditions.
Steady-State Efficiency Data
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Figure 35: Efficiency surfaces view 2.
A second view of these same surfaces is shown in Figure 35. In order to get a better
idea of the relative performance of the controllers, several two-dimensional slices of these
efficiency surfaces were taken. Figures 36 & 37 show slices of these surfaces at a speeds of
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179 radians per second (1725 RPM) and 75 radians per second (720 RPM), respectively,
across a full range of load torques for the induction motor.
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Figure 36: Efficiency across all loads with a
fixed speed of 179 rad/sec.
Lu
0.8
0.7
0.6
05
0.4
03
0.2
0.1 1 0 2 0.3 04 0.5 0.6
Load (Nm)
Figure 37: Efficiency across all loads with
a fixed speed of 75 rad/sec.
The motor efficiency is highly varied across controllers when lightly loaded, and the
performance under all controllers begins to converge as rated load torque is approached.
Figures 38 & 39 show slices of these surfaces at a fixed load torques of 0.95 Nm and 0.3
Nm, respectively, across a full range of speeds for the induction motor.
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Figure 38: Efficiency across all speeds with
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Figure 39: Efficiency across all speeds
with a fixed load of 0.3 Nm.
When the motor is heavily loaded as shown in Figure 38, the efficiency of the motor
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6.3 Cyclical Load
under the different control schemes is grouped within approximately 15 % across all
speeds. The highest performing controllers are QM 1 and QM 2, with the WJ200 being
the worst performing controller above speeds of approximately 70 radians per second
(668.5 RPM). When the motor is lightly loaded as shown in Figure 39, the efficiency of
the motor under the different control schemes is much more spread out across all speeds.
6.3 Cyclical Load
The test protocol for characterizing induction motor performance at a constant speed
under cyclically varying loads consisted of commanding a set speed to each controller
and then applying a cyclical load, synced to rotor position, to the motor. The load was
generated in VisSim and exported on one of the TI Development board's PWM DACs.
This was input to the isolation and signal scaling board described earlier and run to the
analog input on the Parker Gemini motor controller.
The average speed over a load cycle was computed on the F28069 in real-time and this
value was made sure to be exactly the same during the operation of each controller in
order to ensure that each controller was holding the motor at the same constant speed.
It was necessary to ensure that the speed regulation for each controller was comparable
in order to claim that each controller was causing the motor to do the same effective
amount of work. The load torque amplitude was verified by observing the command
signal vs. the electrical torque computed by the Parker Gemini controller which was
output on an analog buffer and viewed on an oscilloscope scope.
The same set of controllers tested for steady-state efficiency were tested in the cyclical
case. Motor efficiency under each controller was tested for two different cyclical loads.
The basic shape of the cyclical load profile L, as a function of rotor position 0, can be
described as
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L = Tsin4 0 + C
where T is the peak-to-peak value of the load, 6 is the rotor position, n is the number
of rotor revolutions per load cycle, and C is the base load torque value. The sin4 shape
gives an aggressive load profile with significant peaking. For Load #1, T and C are
equal to 0.4 Nm and 0.27 Nm, respectively. For Load #2, T and C are equal to 0.55
Nm and 0.37 Nm, respectively. The RMS values for Load #1 and Load #2 are 0.44 Nm
and 0.61 Nm, respectively. A single load cycle for each of these loads is shown in Figure
40.
Cyclical Load Profiles
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Figure 40: Load profiles used for cyclical testing.
By running the motor at a desired average speed and fixing the sampling frequency and
number of samples taken at a certain calculated value, it was possible to fit an integer
number of full load cycles into the LabVIEW buffer for calculation. The results of the
multiplications for input power and output power were averaged to calculate average
input power and output power over an integer number of cycles. The ratio of these two
numbers was then taken in order to arrive at an efficiency measurement.
6.3 Cyclical Load
For each of the cyclical load profiles, efficiency measurements were made at two constant
speeds with two different values of n, the number of rotor revolutions per load cycle.
Two values of n were tested in order to confirm that the applied load was within the
bandwidth of each controller. The tabulated results of the cyclical tests for each of the
two load profiles tested are are given in Figures 41 & 42.
Average Power-in Data for Load #1
Controller n w (rad/sec) Average Power-in (W)
VS1MD21 4 56.52 40.65
VS1MD21 4 150.72 82.5
VS1MD21 8 56.52 40.5
VS1MD21 8 150.72 82.35
WJ200 4 56.52 45.3
WJ200 4 150.72 84.45
WJ200 8 56.52 46.2
WJ200 8 150.72 84.75
V/Hz 4 56.52 45
V/Hz 4 150.72 101.7
V/Hz 8 56.52 44.7
V/Hz 8 150.72 102
QM 1 4 56.52 37.65
QM 1 4 150.72 77.4
QM 1 8 56.52 37.35
QM 1 8 150.72 76.95
QM 2 4 56.52 39.75
QM 2 4 150.72 81
QM 2 8 56.52 39.9
QM 2 8 150.72 80.55
Figure 41: Tabulated efficiency results for Load #1.
As in the steady-state case, QM 1 and QM 2 were the top performers in terms of effi-
ciency at every test point. The V/Hz controller had the lowest performance, with an
average power-in almost 25% higher than the top performer (QM 1) at the fixed speed
of 150.72 radians per second. Using the high performance Quarter Mile controller (QM
1) allowed the motor to run almost 5% more efficiently than when operating under the
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control of their standard controller (QM 2) in the higher speed case, and just over 5%
more efficiently in the lower speed case.
Average Power-in Data for Load #2
Controller n w (rad/sec) Average Power-in (W)
VS1MD21 4 56.52 67.8
VS1MD21 4 150.72 130.5
VS1MD21 8 56.52 68.1
VS1MD21 8 150.72 130.2
WJ200 4 56.52 70.5
WJ200 4 150.72 144
WJ200 8 56.52 70.8
WJ200 8 150.72 144.45
V/Hz 4 56.52 67.5
V/Hz 4 150.72 138
V/Hz 8 56.52 68.25
V/Hz 8 150.72 138.15
QM 1 4 56.52 54.3
QM 1 4 150.72 111.9
QM 1 8 56.52 54.6
QM 1 8 150.72 112.35
QM 2 4 56.52 57.75
QM 2 4 150.72 114.45
QM 2 8 56.52 57.45
QM 2 8 150.72 114.75
Figure 42: Tabulated efficiency results for Load #2.
The results of testing with the second load profile are similar to those obtained when
testing Load #1. Load #2 has both a higher base torque value and a larger peak-to-
peak value. QM 1, the top performer, has an average power-in almost 23% lower than
than worst case performer, the Hitachi WJ200 controller. QM 1 operates the motor
approximately 3% more efficiently than QM 2 in the high speed case, and over 5% more
efficiently in the low speed case.
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6.4 Speed Transition
Characterizing the efficiency of the HP induction motor under constant load while
performing speed transitions was the final task to demonstrate using the test platform.
The speed-to-speed transition was converted to a cyclical problem by cyclically running a
forward speed transition and a reverse speed transition with a duration of dead time at a
constant speed in between each transition. The input speed command to the controllers
was a slew-rate limited offset square wave, with the bottom of the square wave equal to
the initial speed, and the value at the top of the square wave equal to the desired final
speed. The load was fixed at a constant value, and average power was computed as the
controllers made the motor cycle back and forth between the two speeds.
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Figure 43: Velocity commands fed to motor controllers for speed transitions.
Efficiency measurements were taken for each controller with the motor under constant
loads of 0.4 Nm and 0.8 Nm while performing speed transitions from 56 radians per sec-
ond (535 RPM) to 113 radians per second (1080 RPM), and 94 radians per second (898
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RPM) to 150 radians per second (1432 RPM). The Per Unit (PU) velocity commands
as a function of time are shown in Figure 43.
The period of the cyclical speed move in both cases was 0.2872 seconds (3.482 Hz).
For each controller, the forward move and reverse move were constrained to take 0.12
seconds each, with 0.0472 seconds of constant speed operation at each endpoint of the
speed transition. During each speed transition cycle, the rotor speed was integrated in
order to compute the average distance that the rotor traveled during this time. This was
done in order to normalize the results by accounting for variations in the distance the
rotor traveled over the speed transition to the target speed. The results of both speed
transitions while the motor was operating under a constant load of 0.4 Nm are tabulated
in Figure 44.
Average Power-in Data for Speed Transitions with 0.4 Nm Load
Controller wi (rad/sec) W2 (rad/sec) D (radians) Average Power-in (W) Ratio
QM 1 56 113 25.05 59 0.425
QM 2 56 113 24.1 63 0.383
VS1MD21 56 113 24.0 70.5 0.340
V/Hz 56 113 23.9 74 0.323
WJ200 56 113 24.2 86.1 0.281
QM 1 94 150 35.9 73.5 0.488
QM 2 94 150 34 78.6 0.433
VS1MD21 94 150 34.2 124.5 0.275
V/Hz 94 150 33.9 126 0.269
WJ200 94 150 34 135 0.252
Figure 44: Tabulated efficiency results for speed transitions with a 0.4 Nm load.
In the table, wi is the starting speed, w2 is the final speed, and D is the average number
of radians that the rotor traversed while performing the speed to speed transition. The
ratio of ) over the average power-in is computed and used as the performance measure
for comparison. This value is displayed in column 6. In both cases, QM 1 was the top
performer with an efficiency approximately 10% better than the closest contender, QM
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2. The worst performer in terms of energy efficiency was the Hitachi WJ200, which
was almost 35% less efficient than QM 1 for the first speed transition cycle, and almost
50% less efficient than QM 1 for the second speed transition cycle. Figure 45 shows the
tabulated results for the same two speed transition cycles while the motor is operating
under a constant load of 0.8 Nm.
Average Power-in Data for Speed Transitions with 0.8 Nm Load
Controller wi (rad/sec) w2 (rad/sec) D (radians) Average Power-in (W) Ratio
QM 1 56 113 25.1 104 0.241
QM 2 56 113 24.1 112 0.215
VS1MD21 56 113 24.2 120 0.202
V/Hz 56 113 23.8 122 0.195
WJ200 56 113 24.3 129.75 0.187
QM 1 94 150 36 133.5 0.270
QM 2 94 150 34.2 141 0.243
VS1MD21 94 150 34 157 0.217
V/Hz 94 150 34 162 0.210
WJ200 94 150 34.2 170 0.201
Figure 45: Tabulated efficiency results for speed transitions with a 0.8 Nm load.
Because the same speed transition is used with a higher constant load, the ratio of D
over average power-in that is being used as an efficiency metric is lower across the board.
However, the relative results are very similar to what was seen under a load of 0.4 Nm.
QM 1 is the top performer with an energy efficiency just over 10% better than it's nearest
competitor, QM 2. QM 1 outperforms the worst performing WJ200 by 23% in the lower
speed transition and over 25% with the higher speed transition.
7 Conclusion & Future Work
The results from the experiments described in this document demonstrate that the test-
ing platform provides a viable means for identifying which variable speed control tech-
niques operate an induction motor most efficiently under various loading conditions. The
system is modular, low-cost, has a centralized software platform and standardized power
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electronics, accurately generates dynamic loads and speed transition profiles, and col-
lects/records data at high speed. This allows for the rapid testing of many combinations
of motors, control schemes, and loading conditions on a single platform, and it removes
many confounding variables that could result in faulty measurements of energy efficiency.
Future work will include further side-by-side comparison of the energy efficiencies of a
number of frequently encountered induction motors of various sizes operating under dif-
ferent commercial and custom control schemes while being loaded by a range of dynamic
loads that simulate real-world applications. The test platform designed, constructed, and
demonstrated here should prove to be a very valuable tool in acquiring this data quickly
and accurately.
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List of Primary Components
Component Name Model Number
Texas Instruments High Voltage Motor Control and PFC Developer's Kit
Fluke 80i-110s AC/DC Current Probe
Tektronix P5200A High Voltage Differential Probe
Lambda EMI, Inc. EMS Power Supply
BK Precision 1740B DC Power Supply
LiteFuze VT-5000 Step Up & Down Transformer
Staco Energy Products Co. Variable Autotransformer
Tripp Lite 1000W Isolation Transformer
Edmond Optics Base Plate
Marathon Electric AC Induction Motor
Parker Brushless Servo Motor
Parker Compumotor Gemini Servo Controller
Parker Gemini Power Dissipation Module
Alligator Technologies Instrumentation Amplifier Low Pass Filter
National Instruments Multifunction Data Acquisition Board
National Instruments Unshielded 68-pin I/O Connector Block
National Instruments BNC Connection Board
Hitachi WJ200 Inverter
Baldor V*S Microdrive
TMDSHVMTRPFCKIT
80i-110s
P5200A
004733300
1740B
VT-5000
3PN1020B
IS1000
N/A
5K33GN2A
N0342EE-NMSV
GV-U6E
03110600044
USBPGF-S1
PCI-6251
CB-68LPR
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WJ200-002SF
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B Appendix: Interfacing Board Circuit Schematic
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Figure 46: The Schematic for the controller interface board.
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C Appendix: Motor Parameter Identification Code
% calculate friction, windage and core loss
% according to IEEE Std 112-2004 pp.13
clear all; close all; clc;
Rs = 21.6/2;
vlnRMS = [.282 .2663 .250 .232 .2163 .2002 .1843 .1681 .1518 .1358 .1190 ...
.1027 .08652 .0697 .05365 .03726]*500;
iRMS = [.122 .1088 .097 .0862 .0786 .0715 .0649 .0586 .0526 .0471 .0416 .0362 ...
.0311 .026 .02195 .02067].*10;
% power needs to be measured after inverter. cannot measure before
% inverter. measure a phase voltage, confirm symmetry, multiply by 3.
pin = 3*[.00576 .00456 .0037 .003 .00257 .00219 .0019 .00166 .00142 .00127 .00107 ...
.000890 .000728 .000597 .000501 .000447].*500.*10;
figure (;
plot (vlnRMS. ^2,pin-3.* (iRMS.^2) .*Rs, 'bo';
vfit = [.1190 .1027 .08652 .0697 .05365 .03726].*500;
ifit = [.0416 .0362 .0311 .026 .02195 .02067].*10;
pfit = [.00107 .000890 .000728 .000597 .000501 .000447].*500*10;
fl = fit((vfit.^2) ', (pfit-3*(ifit.^2) .*Rs) ', 'ln');
frictionAndWindage = fl(0);
index = 0:1:160;
f2 = fit((vlnRMS(l:end)) ', ((pin(l:end)-3*(iRMS(1:end) .^2) .*Rs)-frictionAndWindage) ', 'expl');
figure (;
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plot(vlnRMS(l:end), (pin(l:end)-3*(iRMS(l:end).^2).*Rs)-frictionAndWindage,'bo');
hold on;
plot (index, f2 (index), 'r-', 'LineWidth', 2);
title('Core Loss vs. Voltage for 1/4 HP ACIM');
xlabel('Voltage Line-Neutral (V)');
ylabel('Power (Watts)');
Lls = 0.316423119-0.2939397;
w = 376.9;
Z = vlnRMS./iRMS;
Lm = sqrt(Z.^2 - Rs.^2)./w - (Lls);
% stator leakage (H)
% impedance
% magnetizing inductance
figure ();
plot(iRMS,Lm,'bo');
%%
m = 3;
testfreq = .25;
% 3-phase motor
% testing at 25% of rated frequency
% THIS PART SHOULD BE DONE AT RATED FREQUENCY, RATED VOLTAGE
% NOT AT 25% FREQUENCY
V10 = .250*500;
I10 = .97;
PO = 3*(.0037*500*10);
VlL = .0481*500;
IlL = 1.35;
PL = 3*(.0061*500*10);
% calculate reactive power at no-load and at locked rotor
C APPENDIX: MOTOR PARAMETER IDENTIFICATION CODE
QO = sqrt ( (m*V10*Il0) .^2 - PO. ^2) ;
QL = sqrt( (m*VlL*I1L).^2 - PL.^2);
% assume value for X1 and Xl/Xm;
w = .25*376.9908; % test freq
Li = 0.001; stator le
X1 = w*L1; % stator le
impratio2 = .1;% X1/Xm
% reactive power at no-load
total VA - real DC bus power
locked rotor reactance
uency is 25% of rated freq
akage inductance in henries
akage reactance in ohms
% calculate magnetizing reactance (30).
Xm = (( m*V10.^2 ) ./ (QO - (m*(I10.^2)*X1) )) .* ( 1./((1+(impratio2)).^2) );
impratio = 0.67; % Xl/X2 for NEMA Design B motors
% calculate stator leakage reactance at test frequency (31).
XlL = ( QL ./ ((m*IlL.^2) * (1+impratio+(impratio2)))) * (impratio + (impratio2));
% determine the stator leakage reactance at rated frequency (32).
f = 1;
fL = 0.25;
X1 (f/fL) * X1L;
Xmprev = 0.1;
Xlprev = 0.1;
while ( (abs((Xm-Xmprev)/Xmprev) > .0001) && ((abs((X1-X1prev)/X1prev)) > .0001)
Xmprev = Xm;
Xlprev = X1;
Xm = (( m*V10.^2 ) ./ (QO - (m*(I10.^2)*X1) )) .* ( 1./((1+(X1/Xm)).2) );
X1L = ( QL ./ ((m*I1L.^2) * (1+impratio+(X1/Xm)))) * (impratio + (X1/Xm));
X1 = (f/fL) * X1L;
disp([Xm/(w*4) Xl/(w*4)]);
68
C APPENDIX: MOTOR PARAMETER IDENTIFICATION CODE 69
pause (.5);
end
Bm = 1/Xm;
X2L = X1L/(impratio);
X2 = (f/fL)*X2L;
Ph = f2(V10); % core loss fit from coreLoss.m
Gfe = (Ph/(m*V10.^2))*(1+(X1/Xm)).^2;
Rm = 1/Gfe;
R1L = Rs;
R2L = (((PL/(m*IlL.^2)) -R1L) * (1+(X2/Xm)).^2) - (X2/X1).^2 * ((X1L.^2)*Gfe);
disp('l/4 HP Marathon Induction Motor Equivalent Circuit Parameters');
disp(['Stator Resistance: ',num2str(R1L),' Ohms']);
disp(['Rotor Resistance: ',num2str(R2L),' Ohms']);
disp(['Magnetizing Inductance: ',num2str(Xm/(w*4)), ' Henries']);
disp(['Stator Leakage Inductance: ',num2str(X1/(w*4)),' Henries']);
disp(['Rotor Leakage Inductance: ',num2str(X2/(w*4)),' Henries']);
disp(['Core Loss Resistance: ',num2str(Rm),' Ohms']);
